Transesophageal echocardiography allows the evaluation of proximal coronary artery anatomy and coronary blood flow velocity (CBFV). 
assess coronary blood flow reserve by measuring coronary blood flow before and after drug-induced increases in coronary blood flow.2-5 However, all of the proposed methods to date require cardiac catheterization and are, therefore, not without risks, thus preventing their large-scale adoption.
Transesophageal echocardiography is an emerging application of ultrasonography that provides highSee p 339 quality Doppler echocardiography images. Previous reports showed that transesophageal echocardiography can image the proximal part of left coronary arteries6-8; furthermore, when pulsed wave Doppler is used, coronary blood flow velocity in the left anterior descending coronary artery can be evaluated. 7?9"10 In view of the above, we decided to explore the potential of transesophageal Doppler echocardiogra-phy in evaluating coronary blood flow reserve. We studied a series of patients by use of transesophageal Doppler echocardiography and evaluated coronary blood flow velocity before and during dipyridamoleinduced coronary vasodilation.
Methods
Thirty-nine patients undergoing coronary angiography for diagnostic purposes were studied. All patients underwent transesophageal echocardiography examination within 3 days of coronary angiography. In each patient, a careful attempt was made to visualize the proximal left coronary artery and to obtain a pulsed wave Doppler measurement of coronary blood flow velocity in the left anterior descending coronary artery.
Twelve of the 39 patients (31%) were excluded because of inadequate echocardiographic recording of blood flow. Of the remaining 27 patients, only those having either a normal left coronary artery or a significant stenosis (.75% narrowing), without angiographically detectable collateral vessels involving the left anterior descending coronary artery, were entered into this study. Fifteen patients met these criteria (11 men and four women; mean age, 56.6±7.7 years). In nine patients, coronary angiography showed normal coronary arteries (group A), whereas in the remaining six patients (group B), a proximal stenosis (.75%) of the left anterior descending coronary artery was shown. None of the group B patients had an occlusive stenosis of the left anterior descending coronary artery.
None of these patients had valvular heart disease, mitral valve prolapse, cardiomyopathy, congenital heart disease, or left ventricular hypertrophy detectable by echocardiography or clinical stress-testing data suggestive of "X syndrome."
Transesophageal Echocardiography
Transesophageal echocardiography was performed using a 5-MHz transesophageal probe connected to a Hewlett-Packard echocardiographic system (Sonos 500 or 1000, Palo Alto, Calif.). Transesophageal echocardiography was performed in each patient after sedation by intravenous injection of 1 mg diazepam. Examination was performed with the patient in the left lateral decubitus position. Coronary artery imaging was attempted after routine examination of the cardiac chamber and walls. The left main coronary artery was visualized by placing the transducer at a level just above the aortic leaflets, approximately 28 cm from the mouth.
The left main coronary artery, arising from the corresponding sinus, is seen as an echo-free space.
Small adjustments in transducer orientation are usually necessary to visualize the vessel along its full length from the aortic root to its bifurcation. The bifurcation is usually Y shaped with a large branch caused by the left main coronary artery. The circumflex coronary artery appears as a continuation of the left main artery, whereas the left anterior descending coronary artery lies in a plane that is often almost perpendicular to that of the left main and circumflex (Figures 1 and 2 ). The following parameters were evaluated (as an average of the measurements obtained in 5-7 consecutive cardiac cycles) by tracing the contour of the Doppler pattern by means of the computer inserted in the echocardiographic equipment: maximal systolic velocity, maximal diastolic velocity, mean systolic velocity, and mean diastolic velocity. As indexes of coronary blood flow reserve, the ratios of dipyridamole to rest maximal diastolic velocities and dipyridamole to rest mean diastolic velocities were considered. Interobserver variability was assessed in 15 velocity recordings obtained in seven patients by having two independent observers evaluate the measurements blind, whereas intraobserver variability was assessed by having the parameters evaluated twice by the same observer at 1-week intervals on 15 velocity recordings obtained in seven patients. Reproducibility was assessed in seven patients who underwent Doppler evaluations of coronary blood flow velocity twice, 10 minutes apart.
To determine whether the angle between the direction of the left anterior descending coronary artery and the exploring ultrasound beam changed during the dipyridamole phase of the protocol from that of baseline, we measured this angle in seven patients in the two above-mentioned conditions. This angle was measured on a frozen diastolic frame printed on dry silver paper. With a goniometer, the angle was measured between the ultrasound beam direction (appearing as a series of equidistant points automatically printed) and left anterior descending coronary artery direction (assessed by evaluating vessel anatomy on the two-dimensional echocardiographic tomographic plane).
Coronary Angiography
Coronary angiography was performed using either the Seldinger or the Sones technique. A stenosis was evaluated using multiple projections and was classified as significant if it narrowed the lumen by 75% or more.
Statistical Analysis
To compare different conditions (baseline, dipyridamole, aminophylline), we used a Wilcoxon's ranked-sum test analysis. A Mann-Whitney rankedsum test was used to compare the differences of the velocity ratios between the two groups. According to Bonferroni's method for multiple pairwise tests, a two-tailed probability value less than or equal to 0.016 (0.05/3) was considered significant. 
Results
In a patient with a normal left anterior descending coronary artery, all the velocity parameters clearly increased during dipyridamole infusion and tended to return to baseline values immediately after aminophylline administration (Figure 3 ). On the other hand, in a patient with significant stenosis of the left anterior descending coronary artery, the coronary blood flow velocity pattern is only very slightly altered by dipyridamole and, of course, also by aminophylline ( Figure 4) .
In Table 1 , the individual results in the whole study group are given. In Tables 2 and 3 and in Figures 5 and 6, Doppler-measured parameters of coronary blood flow velocity are summarized. In group A (patients with normal left anterior descending coronary artery), all velocity parameters (maximal and mean diastolic velocities, maximal and mean systolic velocities) increased significantly after dipyridamole infusion and reverted to values not significantly different from those at baseline after aminophylline infusion. On the other hand, in group B (patients with stenosis of the left anterior descending coronary Table 4 , and angle variability is given in Table 5 . using these techniques have shown that when maximal or submaximal coronary dilatation is induced, blood flow (or blood flow velocity) increases much more in normal coronary vessels than in those affected by a significant stenosis.45 However, even if attractive, these methods, being invasive, cannot be used in a large proportion of patients in serial studies or for studying cardiac diseases where cardiac catheterization is very often not justified.
Measurement of Coronary Blood Flow by Transesophageal Echocardiography
Transesophageal echocardiography provides highquality images of the heart and the great vessels.12 Previous studies by various groups including our own have also demonstrated that visualization of the coronary arteries is possible.6-8 In this study, we have FIGURE 5 . Plot of changes induced in diastolic velocity parameters by dipyridamole (DIP) and aminophylline (AMF). In group A patients (without significant stenosis), both peak and mean diastolic velocities increased after dipyridamole administration and reverted to baseline values after aminophylline administration. On the other hand, in group B patients (with significant stenosis), diastolic parameters slightly increased, but not significantly, after dipyidamole infusion. shown the following: 1) Blood flow in the left anterior descending coronary artery can be adequately recorded in 69% of patients. 2) Short-term reproducibility is good, as shown by the small velocity changes observed in the two baseline evaluations. Of course, we are not able to define the source of the blood flow changes observed in the two consecutive studies; this source may be due to either technical aspects of Doppler or real physiological changes (heart rate, blood pressure, and preload) or both. However, the velocity changes were small (95% confidence interval of absolute difference was 0.9-2.7 cm/sec for peak diastolic velocity and 0.7-3.2 cm/sec for mean diastolic velocity) and well within those caused by dipyridamole in the control subjects. Recently, McGinn and colleagues'3 showed that coronary blood flow reserve parameters, in the absence of major changes of heart rate, blood pressure, and preload, are reproducible even after 1 year. 3) Variations in coronary blood flow velocities caused by coronary-active drugs can also be appreciated. These results support previous data obtained in our laboratory in an unselected group of patients studied by transesophageal echocardiography.9 As expected from this study concerning the effects of dipyridamole and aminophylline on coronary blood flow, we found that in patients without significant coronary stenosis blood flow velocity increased significantly after dipyridamole infusion and reverted to baseline values just 2 minutes after aminophylline (a powerful dipyridamole antagonist) infusion. The results of this study have also revealed different flow responses to dipyridamole in patients with and without significant coronary artery stenosis. Unlike patients without significant stenosis of the left anterior descending coronary artery, patients with significant stenosis showed a significant increase in the blood flow velocity in the coronary artery during dipyridamole infusion, which obviously continued to remain at the same values after aminophylline administration. These different patterns of blood flow velocity response to this drug are similar to those obtained in other studies in which other techniques were used. 4, 5, 14 In patients with stenosis of the left anterior descending coronary artery, coronary flow reserve is already exhausted so that blood flow velocity obviously cannot further increase during dipyridamole infusion. We used dipyridamole/baseline ratios of maximal and mean diastolic velocities as indexes of coronary blood flow reserve. As expected from the results of studies in which similar, though invasively obtained, parameters were considered,45'4 these ratios were greater in patients without stenosis of the left anterior descend- 
